. Ketamine-induced ulcerative cystitis and bladder apoptosis involve oxidative stress mediated by mitochondria and the endoplasmic reticulum. Am J Physiol Renal Physiol 309: F318 -F331, 2015. First published June 24, 2015; doi:10.1152/ajprenal.00607.2014.-Ketamine abusers develop severe lower urinary tract symptoms. The major aims of the present study were to elucidate ketamine-induced ulcerative cystitis and bladder apoptosis in association with oxidative stress mediated by mitochondria and the endoplasmic reticulum (ER). Sprague-Dawley rats were distributed into three different groups, which received normal saline or ketamine for a period of 14 or 28 days, respectively. Doublelabeled immunofluorescence experiments were performed to investigate tight junction proteins for urothelial barrier functions. A TUNEL assay was performed to evaluate the distribution of apoptotic cells. Western blot analysis was carried out to examine the expressions of urothelial tight junction proteins, ER stress markers, and apoptosisassociated proteins. Antioxidant enzymes, including SOD and catalase, were investigated by real-time PCR and immunofluorescence experiments. Ketamine-treated rats were found to display bladder hyperactivity. This bladder dysfunction was accompanied by disruptions of epithelial cadherin-and tight junction-associated proteins as well as increases in the expressions of apoptosis-associated proteins, which displayed features of mitochondria-dependent apoptotic signals and ER stress markers. Meanwhile, expressions of mitochondria respiratory subunit enzymes were significantly increased in ketaminetreated bladders. Conversely, mRNA expressions of the antioxidant enzymes Mn-SOD (SOD2), Cu/Zn-SOD (SOD1), and catalase were decreased after 28 days of ketamine treatment. These results demonstrate that ketamine enhanced the generation of oxidative stress mediated by mitochondria-and ER-dependent pathways and consequently contributed to bladder apoptosis and urothelial lining defects. Such oxidative stress-enhanced bladder cell apoptosis and urothelial barrier defects are potential factors that may play a crucial role in bladder overactivity and ulceration.
ketamine; mitochondria; endoplasmic reticulum; apoptosis; oxidative stress; urothelial barrier KETAMINE, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, is administered as an anesthetic drug for the treatment of chronic cancer pain and neuropathic pain. In recent years, the abuse of ketamine has dramatically increased worldwide, especially as a recreational drug in nightclubs and dance parties. Many studies have demonstrated that ketamine abusers develop severe lower urinary tract symptoms (10, 27, 42, 51, 55) . Urinary signs and symptoms due to ketamine abuse/use have been reported to include suprapubic pain, urinary frequency, urinary urgency, urge incontinence, hematuria, and severe dysuria (11, 44, 51, 56) . In addition, most clinical investigation findings in patients with ketamine-induced cystitis (49) include hydronephrosis, a small-capacity bladder, and papillary necrosis as well as urothelial inflammation, hemorrhages, and erythematous muscosa. In some cases of ketamine abuse, vesicoureteral reflux and ureteral obstruction also develop. Currently, no effective treatments are available for ketamine-induced cystitis (KIC) patients to either block or treat such ketamine-induced uropathy.
The bladder urothelium not only forms a tight barrier preventing noxious substances in urine from passing into the underlying stroma but is also involved in sensory mechanisms and can release chemical mediators (3) . Previous studies have indicated that voiding function and the pathophysiology of interstitial cystitis/painful bladder syndrome (IC/PBS) and non-neurogenic overactive bladder are correlated with urothelial barrier dysfunction. Abnormal expression by IC/PBS bladder urothelial cell explants includes alterations in tight junction and adherens protein expression with decreases in occludin and zonula occludens (ZO)-1 and claudin-1, claudin-4, and claudin-8 expressions (33, 59) . The decreased tight junction protein expression was reported to correlate with an increase in bladder urothelial permeability. In addition, in single cell electrophysiologic studies, explanted IC/PBS bladder urothelial cells were found to display a reduction in inward rectifying K ϩ current with conductance of the Kir2.1 channel (23, 53) and an enhancement in sensitivity to carbachol, suggesting that muscarinic signaling may also be abnormally regulated in IC/BPS (23) . The barrier function of the urothelium might also play an important role in the pathophysiology of KIC. Despite these advances, the etiological cell signaling and pathophysiological mechanisms of the bladder urothelium and voiding dysfunction in KIC patients remain unsettled.
Several pathophysiological conditions in the urinary bladder, e.g., bladder outlet obstruction (41, 43, 48) , ischemiareperfusion (19, 57) and inflammation (2, 7, 9) , are characterized by the formation of ROS. Studies showed oxidative stress may reduce detrusor contractility by the damage to the muscarinic receptors (2, 18) . The bladder urothelium and suburothelium can be targets for ROS release from inflammatory cells. Some studies have indicated that oxidative stress induced by H 2 O 2 activates capsaicin-sensitive C-fiber afferent pathways mediated via stimulation of the cytochrome c oxidase (COX) pathway, thereby inducing detrusor overactivity (45) . The elevated ROS can further cause damage to biological molecules, such as DNA, resulting in gene mutations (38) .
There are two major intracellular organelles that generate ROS and signal apoptosis, i.e., mitochondria and the endoplasmic reticulum (ER) (47, 54) . The mitochondrion is a key venue for cellular metabolism and serves as the powerhouse of the cell. In consequence, mitochondrial content is influenced by cellular energy demand. In the oxidative phosphorylation cycle, sequential oxidation and reduction reactions take place in a chain of multiprotein complexes. The mitochondria-mediated apoptotic pathway initiates signaling via increases in mitochondrial membrane permeability, which promotes the release of cytochrome c and the activation of caspases (22) . The ATP receptor P2X3, when constitutively knocked out, has been reported to result in a hyposensitive bladder (16) . A recent study (46) using the KIC mouse model showed an enhancement in noncholinergic contractions and P2X1 receptor expression in ketamine-induced bladder dysfunction. The ER-mediated pathway is triggered by ER stress, which leads to a proapoptotic unfolded protein response, including the induction of CCAAT/enhancer-binding protein homologous protein (CHOP) and 78-kDa glucose-regulated protein (GRP78) (25, 34) .
Due to the lack of specific biomarkers, most KIC patients are diagnosed late after the exclusion of other diseases and suffer irreversible bladder damage by the time of diagnosis. A number of theories for the development of KIC have been proposed (10, 11) , including 1) a direct toxic effect of ketamine or its metabolites on bladder interstitial cells, 2) microvascular changes in the bladder by ketamine and/or its metabolites, and 3) indirect effects of ketamine by causing an autoimmune reaction against the bladder urothelium and submucosa. In extension of our previous investigations of bladder dysfunction and KIC (13, 27) , the major aims of the present study were to evaluate whether ketamine enhances mitochondrial and ER oxidative stress, induces apoptosis, and causes damage of the bladder in a rat KIC model. We hypothesized that ketamine addiction enhanced bladder oxidative stress, urothelial injury, -SOD  5=-AAGGAGCAAGGTCGCTTACA-3=  5=-ACACATCAATCCCCAGCAGT-3=  NM017051.2  59  2  Cu/Zn-SOD  5=-GGTGGTCCACGAGAAACAAG-3=  5=-CAATCACACCACAAGCCAAG-3=  NM017050.1  58  3  Catalase  5=-GAATGGCTATGGCTCACACA-3=  5=-CAAGTTTTTGATGCCCTGGT-3=  NM012520.2  59  4 ␤-Actin 5=-ATCTCCTTCTGCATCCTGTCGGCAAT-3= 5=-CATGGAGTCCTGGCATCCACGAAAC-3= NM007393 59 Physical indicators for bladder function. As previously described (13, 40) , rats were placed in individual KDS-TL380 metabolic cages with a MLT0380 transducer (AD Instruments, Colorado Springs, CO). Micturation frequency and the volume of urine output were recorded for 3 days, and an average value was determined. Twenty-four-hour urine was collected to measure protein and creatinine levels. Blood (serum) creatinine was also determined. The ratio of protein to creatinine in urine and the creatinine clearance rate (CCr) were calculated.
Cystometrogram experiments. Cystometrograms (CMGs) were carried out according to previously described methods (6, 29, 39) . The bladder was infused with 0.9% NaCl (normal saline) at a steady rate (0.08 ml/min). CMGs were recorded until the bladder pressure was stable, and reproducible micturation cycles were then recorded for 1 h. Pressure and force signals were amplified (ML866 PowerLab, AD Iinstruments) and recorded on a chart recorder for computer data analysis (Labchart 7, AD IInstruments; Windows 7 system). The CMG parameters recorded included peak micturation pressure, bladder volume, and frequency of nonvoiding contractions (without urine leakage during bladder infusion). A voiding contraction was defined as an increase in bladder pressure that resulted in urine loss. Peak micturation pressure was the maximum pressure during micturation as observed in CMGs (24) .
Bladder strip preparation and contractile responses. The contractile response was characterized in three ways (field stimulation, carbachol, and KCl), making it possible to determine if contractile defects were related to synaptic transmission, receptor responses, or smooth muscle dysfunction. The bladder square after longitudinal dissection was ϳ2.0 ϫ 2.0 cm 2 in a 250-g rat. After the bladder had been weighed, at best four longitudinal strips of 0.5 ϫ 2.0 cm 2 could be prepared for each rat. Three longitudinal strips measuring 0.5 ϫ 2.0 cm 2 were obtained from the bladder dome to the trigone area including both the muscle and mucosal layers. Contractile responses were measured as previously described (12, 30) . Briefly, each whole layer bladder strip was mounted in a separate 15-ml bath containing Tyrode solution (124.9 mM NaCl, 2.6 mM KCl, 23.8 mM NaHCO 3, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 1.8 mM CaCl2, and 5.5 mM dextrose), which was equilibrated with a mixture of 95% O2 and 5% CO2. An initial resting tension of 2 g was applied for 30 min, and contractile responses were recorded isometrically using a force-displacement transducer. The maximal response was determined sequentially for electrical field stimulation (EFS; 2, 8, and 32 Hz), carbachol (20 M), and KCl (120 mM) (32) .
Ketamine and metabolites assay in urine and serum by HPLC. Urine was collected after the last ketamine intraperitoneal injection for a period of 24 h. The rat was then euthanized the next day (24 h) after ketamine injection. One milliliter of blood was obtained from the rat tail to analyze serum ketamine and norketamine. Urine was also collected by the metabolic cage on the same day. Concentrations of ketamine and norketamine in urine and serum were determined by HPLC (13, 17, 49) . After purification by liquid-liquid extraction using ethyl ether, urine and serum samples underwent chromatography on a reversed-phase column, and ketamine and norketamine were detected at 200 nm by ultraviolet spectrophotometry.
Histological experiments. Experimental rats were perfused with 0.9% normal saline solution through the left ventricle. The bladders were then removed, cut open, and further fixed overnight. Tissue samples were embedded in paraffin blocks with the same area in the different groups, and serial sections of 5 m thick were obtained. Deparaffinized sections were stained with Masson's trichrome stain (Masson's Trichrome Stain Kit HT15, Sigma, St. Louis MO). A standard Masson's trichrome staining procedure was followed (13, 29) . The standard Masson's trichrome stained the connective tissue in blue and detrusor smooth muscle (DSM) in red. Histology slides were reviewed by two independent pathologists.
Apoptotic cell staining by TUNEL assay. To detect cells undergoing apoptosis, tissue sections were processed by a TUNEL assay using an in situ cell death detection kit (Roche, Pleasanton, CA). DNA strand breaks were identified by labeling free 3=-OH with fluorescence in dUTP plus terminal transferase. The number of TUNEL-positive cells in 10 randomly selected nonoverlapping fields of ϫ400 magnification in the bladder was calculated and compared between the various groups. In each experiment, negative controls with label solution (without terminal transferase) instead of the TUNEL reaction mixture were used to elucidate nonspecific immunostaining.
Immunofluorescence experiments of the expression and localization of the bladder urothelial barrier, ER stress, and antioxidant proteins. Immunostaining was performed according to previously published methods (13) . Sections were then doubly stained with primary antibody to claudin-4 (Invitrogen, Camarillo, CA, mouse monoclonal IgG1, 1:100, clone 3E2C1, catalog no. 32-9400), Ecadherin (Proteintech, Chicago, IL, rabbit polyclonal IgG, 1:100, catalog no. 20874-1-AP), GRP78 (Proteintech, rabbit polyclonal IgG, 1: 50, catalog no. 11587-1-AP) and CHOP (Abcam, Cambridge, MA, mouse monoclonal IgG2b, 1:100, clone 9C8, catalog no. ab11419) overnight and then incubated with secondary antibody (Invitrogen, goat anti-mouse or anti-rabbit, 1:800) conjugated to FITC for claudin-4 and GRP78 and to rodamine for E-cadherin and CHOP followed by 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen, 500 g/ml, 1:2,000) for 15 min. Tissue sections were also stained with Mn-SOD (SOD2; Abcam, mouse monoclonal IgG1, 1:100, clone 2A1, catalog no. ab16956), Cu/Mn-SOD (SOD1; Abcam, rabbit monoclonal IgG, 1:100, clone EP1727Y, catalog no. ab51254), and catalase (Abcam, rabbit polyclonal IgG, 1:100, catalog no. ab16731) antibodies overnight and then incubated with secondary antibody conjugated to FITC for SOD2 and to rodamine for SOD1 and catalase. Ten randomly selected nonoverlapping fields of ϫ400 magnification were collected, and slides were reviewed by two different pathologists. In each experiment, negative controls without primary antibody were performed to elucidate nonspecific immunostaining.
Protein isolation and Western blot analysis. According to previously described methods (29) , frozen tissue samples of the bladder were homogenized on ice in buffer [50 mM Tris (pH 7.5) and 5% Triton X-100] containing halt protease inhibitor cocktail (Pierce, Rockford, IL) at 100 mg/ml. Protein (30 g) from the bladders was loaded onto SDS-PAGE gels and transferred to polyvinylidene fluoride membranes (Immobilon-P, Millipore). Immobilon-P membranes were incubated with primary antibodies to Ki67 (Abcam, rabbit ab9021), and ␤-actin (Millipore, mouse monoclonal IgG2b, 1:1,000, MW: 43 kDa, clone C4, catalog no. MAB1501). The proliferation marker (Ki67), differentiated urothelial marker (uroplakin III), oxidative stress markers (DNP and nitrotyrosine), tight junction (claudin-4 and ZO-1), adhesion protein (E-cadherin), proapoptotic (cytochrome c, caspase-3, caspase-8, caspase-9, and PARP), antiapoptotic (Bcl-2), ER markers (GRP78, CHOP, and caspase-12) and protein expressions of mitochondrial respiratory enzyme complexes (NDUFS3, SDHA, UQCRC1, COX-2, and ATPB) were normalized with ␤-actin or cytokeratin 7 as an epithelial marker. In each experiment, negative controls were also done without primary antibody.
Real-time quantitative PCR. The expression of antioxidant enzymes (Cu/Zn-SOD, Mn-SOD, and catalase) involving oxidative stress was analyzed using real-time quantitative RT-PCR as previously described (50) . Experimental rats were perfused with 0.9% saline solution, and RNA samples were isolated from rat bladders. RNA samples with the ratios between the absorbance at 260 and 280 nm exceeding 1.7 were stored at Ϫ80°C for further analysis. An aliquot of 5 g RNA was used to generate cDNA. The SYBR green I kit (Takara Biotechnology) was used; all primers are shown in Table 1 . The specificity of products generated for each set of primers was examined for each fragment with the use of a melting curve and gel electrophoresis. Relative expression levels for each targeted gene were normalized by subtracting the corresponding ␤-actin threshold cycle (C T) values using the ⌬⌬CT comparative method (58) . A total of eight samples for each group were used, and each sample was run in triplicate for real-time PCR.
Statistical analysis. ANOVA followed by the Bonferroni test and two-way ANOVA for individual comparisons were conducted for the above experiments. Means, SDs (20) , and P values were calculated for triplicate experiments. Student's t-test was used to calculate P values for comparison. The significant level was set at a P value of Ͻ0.05.
RESULTS
Effects of ketamine treatment on cystometric parameters and voiding behavior. CMG parameters, including peak micturation pressure, micturation frequency, and voiding and nonvoiding contractions, are shown in Table 2 . Ketamine treatment increased bladder hyperactivity with increases in voiding contraction (arrows), nonvoiding contraction (asterisks), peak micturation pressure, and micturation frequency (Fig. 1A ). There were significant increases in micturation frequency (3.62-fold) as well as nonvoiding contraction frequency and peak micturation pressure (1.63-fold). In contrast, there was a decrease in the micturation interval and bladder volume (0.38-fold) in the K28D group compared with those in control rats (Table 2 ). In addition, tracing analysis of voiding behavior using metabolic cages revealed an increase in micturation frequency and a decrease in voiding volume in both K14D and K28D groups compared with the control group (Fig. 1B and Table 2 ). These results demonstrate that ketamine treatment caused significant bladder storage dysfunction.
Effects of ketamine treatment on the bladder contractile response. Contractile responses of bladder strips in response to EFS (2, 8, and 32 Hz), carbachol (20 M), or KCl stimulation are shown in Fig. 1, C and D . The K28D group exhibited stronger contractile responses to EFS at 2, 8, and 32 Hz than the control and K14D groups. Similar observations were found in response to carbachol and KCl. Therefore, ketamine admin- Fig. 2 . Ketamine administration increased bladder fibrosis and disrupted the urothelial barrier. A-C: representative microphotographs of the control (A), K14D (B), and K28D (C) groups with Masson's trichrome stain. Blue-stained collagen and red-counterstained detrusor smooth muscle (DSM) are highlighted in each image. In the control group (A), there were three to five layers of the urothelial layer (UL) and only sparse collagen distributed in the suburothelial layer (SL). In the K14D group (B), bladder tissues demonstrated a thinning urothelium (black arrow) and increased interstitial fibrosis (yellow arrow). The K28D group (C) showed a denuded urothelial mucosa (black arrow), erythrocyte debris under the urothelium (black arrowhead), mononuclear cell infiltration (yellow arrow), and increased bladder fibrosis (yellow arrow). D-F: expressions of E-cadherin and claudin-4 proteins in bladder tissue as demonstrated by immunofluorescence stain. Claudin-4 (22) and E-cadherin (red) were colabeled in the bladder UL. F: expressions of these proteins were costained in the defective and thinnng urothelium (arrow) in the K28D group. Scale bar ϭ 100 m. G: expression levels of tight junction protein [claudin-4 and zonula occludens (ZO)-1], proliferation marker (Ki67), and urothelial differentiation marker (uroplakin III) were determined in the different groups by Western blot analysis. H: quantification of these proteins to cytokeratin 7 (CK7). Results were normalized to the control group (equal to 100%). Values are means Ϯ SD for n ϭ 8. *P Ͻ 0.05 and **P Ͻ 0.01 vs. the control group. istration strongly induced bladder contractile in response to these stimulations.
Concentrations of ketamine and its metabolites in urine and serum. Ketamine is metabolized by the liver to norketamine (primary metabolite) and is excreted in urine (49) . Concentrations of ketamine and norketamine in serum and urine are shown in Table 2 . In the control group, concentrations of ketamine and norketamine were undetectable in both urine and serum. In contrast, concentrations of urine ketamine and norketamine were 1,406.0 Ϯ 241.0 and 30,016.0 Ϯ 1,161.4 ng/ml in the K14D group and 1,668.0 Ϯ 225.6 and 33,720.2 Ϯ 1,262.7 ng/ml in the K28D group, respectively. These results show that ketamine-treated rats produced significant amounts of ketamine and norketamine in urine but were not detectable in serum, suggesting that the metabolism of ketamine was quick and that the rat liver could clear ketamine within 1 day. Comparisons of these results revealed that the toxic effects of ketamine in the urinary bladder were derived from not only ketamine but also its primary metabolite, norketamine.
Physical characteristics of ketamine-associated bladder damage and renal function suppression. General characteristics of rats after ketamine treatment, including body weight, bladder weight, water intake, and urine output, are shown in Table 2 . The ratio of urine protein to creatinine and CCr were also calculated to evaluate renal function. There were no significant differences in body weight, bladder weight, CCr, water intake, and urine output between the control and K14D groups. However, the K28D group showed significant increases in bladder weight and the ratio of urine protein to creatinine but a decline in CCr compared with the control group ( Table 2 ). These findings demonstrate that ketamine treatment resulted in not only bladder but also renal dysfunction.
Histological features of ketamine-associated bladder damage and interstitial fibrosis. Histological features of ketamineassociated bladder damage are shown in Fig. 2 . In the control group, there were three to five layers of the urothelium and only sparse collagen (blue color, yellow arrow) in the suburothelium ( Fig. 2A) . In the K14D group, bladder tissues were characterized by a thinning urothelium (black arrow) and increased interstitial fibrosis (yellow arrow; Fig. 2B ). Moreover, the morphology of the K28D group (Fig. 2C) was characterized by an ulcerated urothelium (black arrow), erythrocyte accumulation (hemorrhages; black arrowhead), mononuclear cell infiltration (yellow arrowhead), and increased interstitial fibrosis (yellow arrow) between DSM bundles.
Ketamine-induced alterations in urothelial junction-associated protein expression. The urothelial distribution of claudin-4 (tight junction protein) and E-cadherin (adhesion protein) are also shown in Fig. 2 . In the control group, claudin-4 and E-cadherin overlapping immunolabeling was widely distributed in intercellular junctions of the urothelial layer, whereas the suburothelial layer showed no immunoreactivity for either claudin-4 or E-cadherin (Fig. 2D) . Moreover, the immunolabeling of claudin-4 and E-cadherin in the K14D group was restricted to the thin urothelium (Fig. 2E) . However, in the K28D group, the immunolabeling of claudin-4 and E-cadherin was much lower and restricted to the thinner and disrupted urothelium (arrows; Fig. 2F ). Furthermore, tight junction proteins (claudin-4 and ZO-1) and the differentiated marker of umbrella cells of the outer urothelium (uroplakin III) in the K14D and K28D groups were significantly less compared with the control group (Fig. 2, G and H) . However, the proliferation marker (Ki67) in the K28D group was significantly increased compared with the control group (Fig. 2, G and H) . These results demonstrate that ketamine administration for 28 days decreased urothelial barrier-associated protein expressions, which might attribute to urothelial lining defects during the inflammation process of KIC.
Ketamine-induced bladder cell apoptosis. The results of TUNEL staining to detect degenerated apoptotic cells in the bladder after ketamine administration are shown in Fig. 3 . The number of apoptotic cells in the urothelial and suburothelial layers was significantly higher in the K14D and K28D groups than in the control group (Fig. 3, A-F) . Similar observations were found for the number of apoptotic cells in the DSM and interstitium (Fig. 3, G-L) . In the control group, the percentage of TUNEL-positive to DAPI-positive cells was 0.9 Ϯ 0.1% in the urothelial layer and 2.3 Ϯ 0.3% in the suburothelial layer (Fig. 3, A, D, and M) , but almost no TUNEL-positive cells were found in the DSM and interstitium (Fig. 3, G, J, and M) . In contrast, after 14 days ketamine treatment, the percentage of TUNEL-positive to DAPI-positive cells was significantly increased to 3.5 Ϯ 0.4% in the urothelial layer and 7.6 Ϯ 1.3% in the suburothelial layer (Fig. 3, B , E, and M) and 9.8 Ϯ 1.5% in the DSM and 7.2 Ϯ 1.4% in the interstitium (Fig. 3, H, K,  and M) . Moreover, after 28 days ketamine treatment, the percentage of TUNEL-positive to DAPI-positive cells was 17.2 Ϯ 1.8% in the urothelial layer and 34.4 Ϯ 4.7% in the suburothelial layer (Fig. 3, C, F , and M) and 38.6 Ϯ 5.5% in the DSM and 25.3 Ϯ 2.7% in the interstitium (Fig. 3, I , L, and M). Apoptosis was significantly observed in the bladder urothelium, suburothelium, DSM, and interstitium after 28 days ketamine injection, revealing that ketamine treatment induced bladder apoptosis.
Mitochondria-and ER-elicited bladder apoptosis after ketamine injection.
To evaluate whether ketamine-induced apoptosis is mediated through mitochondrial dysfunction pathways, the effect of ketamine on the expressions of proapoptosis markers for mitochondria was examined. As shown in Fig. 4 , A and C, expression of the antiapoptotic protein Bcl-2 in bladder tissues was significantly decreased in the K14D and K28D groups. In contrast, expressions of the proapoptotic proteins cytochrome c, caspase-3, caspase-8, caspase-9, and PARP were significantly increased in the K28D group. Moreover, the involvement of ER stress signaling triggered by ketamine treatment was evaluated based on ER chaperone GRP78, ER-associated apoptosis protein CHOP, and caspase-12. As shown in Fig. 4 , B and D, ketamine increased expression levels of caspase-12, GRP78, and CHOP in the K14D and K28D groups compared with the control group. Using doublelabeled immunofluoresence of GRP78 and CHOP proteins, no staining was found in the control group (Fig. 4E) . However, after 28 days of ketamine treatment, GRP78-positive cells were colabeled with CHOP in the urothelium and suburothelium (Fig. 4F ). These results demonstrate that ketamine-induced apoptosis was correlated with mitochondria-and ER-dependent pathways.
Effects of ketamine on expression of oxidative stress markers in the bladder. To determine the bladder oxidative damage induced by ketamine administration, expressions of DNP and nitrotyrosine were examined. As shown in Fig. 5, A and B, the expression of nitrotyrosine was 6.2-fold higher in the K14D group and 7.0-fold higher in the K28D group (Fig. 5C ) and those of DNP and nitrotyrosine were 5.3-fold higher in the K14D and K28D groups compared with the control group (Fig.  5B) . These findings reveal that ketamine treatment significantly increased bladder oxidative damage.
Furthermore, real time-PCR showed that mRNA expressions of antioxidant enzymes (Cu/Zn-SOD, Mn-SOD, and catalase) in the bladder were decreased after ketamine treatment (Fig.  5C ). As shown in Fig. 5C , the expression of Mn-SOD was 0.60-fold in the K14D group and 0.37-fold in the K28D group (Fig. 5C ) and those of Cu/Zn-SOD and catalase were 0.8-fold in the K14D group and 0.6-fold in the K28D group compared with the control group. Double-labeled immunofluoresence of Cu/Zn-SOD, Mn-SOD, or catalase was found in the urothelium and suburothelium in the control group (Fig. 5, D and F) . Mn-SOD-positive cells colabeled with Cu/Zn-SOD-positive or catalase-positive cells were significantly decreased in the urothelium after 28 days of ketamine treatment (Fig. 5, E and  G) , and some inflammatory cells (arrows) in the suburothelium were costained with Cu/Zn-SOD and Mn-SOD. Such decreases in the expression levels of antioxidant enzymes implied that cellular defenses against oxidative stress declined in the ketamine-treated bladder.
Ketamine increased mitochondrial generation of ROS. The assessment of mitochondrial activity was acquired by the analysis of expressions of subunits of mitochondria respiratory enzyme complexes involving the generation of ROS. Expressions of these complexes, including NDUFS3, SDHA, UQCRC1, COX-2, and ATPB, were significantly increased in the bladder after 14 and 28 days of ketamine treatment (Fig. 6,  A and B) . The increase in the expression of COX-2 in the K28D group was especially more profound than that of the K14D group. This ketamine-induced increase in the expressions of mitochondria respiratory enzyme complexes suggested that ketamine caused an enhancement in the generation of ROS.
DISCUSSION
The present investigation demonstrates that ketamine administration diminished bladder volume, raised oxidative damage, increased bladder cells apoptosis, and disrupted urothelial barrier-associated protein expresisons. Such changes in morphology as well as decreases in urothelial junction proteins (E-cadherin, ZO-1, and claudin-4) in the bladder mucosa were similar to those in interstitial cystitis. Meanwhile, bladder tissues were accompanied by increases in the expressions of apoptosis-associated proteins, including cytochrome c, caspase-3, caspase-9, and PARP, which displayed features of mitochondria-dependent apoptotic signals, ER stress markers (GRP78, CHOP, and caspase-12), and oxidative stress markers (nitrotyrosine and DNP). Moreover, expression levels of subunits of mitochondria respiratory enzymes were significantly increased in the bladder. These findings suggest that oxidative stress mediated by mitochondria and the ER was involved in ketamine-induced bladder cell apoptosis and ulcerative cystitis.
Oxidative stress is associated with an overproduction of ROS and reactive nitrogen species. Effects of ROS on the micturation reflex have been demonstrated in several pathological conditions of the urinary bladder, such as cyclophosphamide-induced hemorrhagic cystitis, ionizing radiation cystitis, and partial bladder outlet obstruction (1, 8, 31) . In the present study, the observed increase in the expressions of bladder oxidative stress markers (nitrotyrosine and DNP) suggest that oxidative stress might play a key role in the pathophysiology of KIC. Natural antioxidant mechanisms, namely, SOD and catalase, are chief defenses in cells. Cytoplasmic SOD converts superoxide to peroxide, which, in turn, is broken down by catalase to water and oxygen. If the production of the intermediate peroxide exceeds the ability of catalase to degrade it, then damages to cells can occur. Thus, it is important for SOD and catalase to work in conjunction and counterbalance. The present study shows that ketamine treatment significantly reduced expressions of antioxidant enzymes (Cu/Zn-SOD, Mn-SOD, and catalase), suggesting that ketamine enhanced ROS production by reducing antioxidant enzyme activity.
The respiratory chain of mitochondria consists of five different enzyme complexes embedded in the inner mitochondrial membrane, including NDUFS3 of complex I (NADH CoQ reductase complex), SDHA of complex II (succinate CoQ reductase complex), UQCRC1 of complex III (CoQH 2 -cytchrome c reductase complex), COX-2 of complex IV (cytochrome c oxidase complex), and ATPB of complex V (F 0 F 1 complex, ATP syntase) (37) . The electrons from NADH and succinate are transferred to molecular oxygen through different redox groups bound to proteins present in the multiprotein complexes. Part of the energy released in the process is used by Fig. 4 . Alterations of expressions of apoptosis-associated proteins and endoplasmic reticulum (ER) stress markers in the bladder after ketamine administration. A: expression levels of proapoptotic and antiapoptotic proteins in the bladder tissue by Western blot analysis. The expression of Bcl-2 was decreased in the K14D and K28D groups. In contrast, expressions of cytochrome c, caspase-3, caspase-8, caspase-9, and poly(ADP-ribose) polymerase (PARP) were significantly increased in the K28D group. B: expression levels of 78-kDa glucose-regulated protein (GRP78), CCAAT/enhancer-binding protein homologous protein (CHOP), and caspase-12 were increased in the K14D and K28D groups. C and D: quantification of these protein expressions to ␤-actin. Results are normalized to the control group (equal to 100%). Values are means Ϯ SD for n ϭ 8. *P Ͻ 0.05 and **P Ͻ 0.01 vs. the control group; ##P Ͻ 0.01 vs. the K14D group. E and F: immunofluorescence analysis of GRP78 and CHOP expressions after 28 days of treatment with ketamine. The arrowheads indicate GRP78-positive and CHOP-positive cells costained in the urothelium; the arrows indicate GRP78-positive and CHOP-positive cells colabeled in the suburothelium. Scale bar ϭ 100 m.
complexes I, III, and IV to pump H ϩ to the intermembrane space, generating an electrochemical H ϩ gradient through the mitochondrial inner membrane. This electrochemical H ϩ gradient drives proton flux back to the mitochondria through ATP synthase (complex V), which is coupled to the synthesis of ATP (4). The present study showed overexpressions of all five of these respiratory enzyme complexes after 28 days of ketamine injection. When the mitochondrial respiration chain provides ATP for bladder hyperactivity, an increase in the generation of ROS in cells can occur by increasing electron leakage from respiratory enzyme complexes of mitochondria (28, 35) . In patients with multiple sclerosis, a significant increase in all respiratory complex activities has been observed. Mitochondrial lipid peroxidation and mitochondrial SOD1 overexpressions were also detected, showing that changes in mitochondrial aerobic metabolism is important in some neurodegenerative diseases (26) . In a previous investigation (36) , urothelial biopsies from patients with IC/PBS were reported to release more ATP in response to stretch or EFS than those from normal bladder urothelial biopsies.
The bladder urothelium plays a crucial role as a barrier between urine and bladder stroma. The barrier is thought to result from the formation of intracellular and intercellular junctions, which include adherens junction and tight junctions. Tight junctions are expressed in umbrella cells and include ZO-1, occludin, and claudin families. Adherent junctions occur at cell-cell junctions, which are more basal than tight junctions. E-cadherin is known to be crucial to intercellular homophilic Ca 2ϩ -dependent adhesion. A previous study (52) has reported a decrease in E-cadherin expression in IC patients with higher visceral pain scores. Urothelial lining defects also play an important role in bladder oversensitivity (21) . Moreover, it has quantification of the percentage of these mitochondrial respiratory enzymes to ␤-actin. Results were normalized to the control group (equal to 100%). These subunits were significantly increased in bladders treated with ketamine for 14 and 28 days. Values are means Ϯ SD for n ϭ 8. **P Ͻ 0.01 vs. the control group; ##P Ͻ 0.01 vs. the K14D group. been reported that a decrease in expression of ZO-1 and occludin could result in an increase in epithelial paracellular permeability in IC/PBS patients (59) . In the present study, we showed a decrease in urothelium thickness with disruption of urothelial E-cadherin and tight junction-associated proteins (ZO-1 and claudin-4) and the ulcerated urothelium after ketamine administration. The significance of such a decrease in E-cadherin and tight junction protein expressions in the epithelial permeability of the bladder of ketamine addicts requires further evaluation.
The central components of apoptosis are a group of proteolytic enzymes called caspases, which can be activated by various types of stimulation. Loss of mitochondrial membrane potential and release of cytochrome c are key events in initiating mitochondria-involved apoptosis (5). The released cytochrome c activates caspase-9, which consequently induces caspase-3 activation, resulting in the cleavage of several cellular proteins, finally leading to apoptosis. In adddition, an ER stress-triggered caspase cascade, involving caspase-3 and caspase-8, plays an important role in ketamine-induced bladder apoptosis. ER stress-induced apoptosis also involves CHOP and caspase-8-mediated cleavage of Bap31 to Bap 21 and propagates apoptotic signals from the ER to mitochondria. The present study revealed a significant increase in the expressions of caspase-3, caspase-8, caspase-9, cytochrome c, and PARP as well as TUNEL-positive cells in bladder tissue after ketamine treatment, especially after 28 days of treatment. In addition, ketamine-induced apoptosis was accompanied by a significant increase in oxidative stress markers (nitrotyrosine and DNP), ER-associated apoptosis protein CHOP, and subunits of mitochondrial respiratory complexes. Our findings suggest that ketamine-induced bladder apoptosis involves oxidative stress mediated by both mitochondrial and ER pathways.
The present results suggest that urothelial barrier damage and apoptosis as well as ulcerative cystitis after ketamine administration are associated with an effect of ketamine and/or its metabolites on the bladder. It is possible that an indirect effect may also occur by causing macrophage activation and resulting in apoptosis of the DSM and interstitium due to the circulation of ketamine or its metabolites. At the present time, it is still unclear whether the generation of ROS and apoptosis/ER stress are a direct or an indirect effect of ketamine. The information obtained in the present study is useful in providing valuable insights into blocking the urinary effects of ketamine. We intend to further explore this issue in our future investigations.
In conclusion, the present study demonstrates that ketamine enhances the generation of ROS mediated by mitochondria and the ER, leading to the inducement of oxidative stress with accompanying urothelial lining defects and consequently enhancing bladder apoptosis. Such effects on the urothelial barrier as well as increased oxidative stress and apoptosis are potential factors underlying bladder overactivity and the inflammatory process in KIC.
